Abstract-Proper acquisition of the photoplethysmography signals is essential in a pulse oximetry system and sensor placement plays an important role in this respect. Due to the complex structure of the finger tissue, inadequate sensor placement will have an adverse effect on the light path and high signal quality may become impossible to achieve [1] . In this paper, we present a ring shaped oximeter that uses six sets of light emitting diodes and photodetectors, uniformly distributed around the finger to identify the best signal path, thus making the signal acquisition immune to ring position. Moreover it uses a radio transceiver to eliminate the connection wires to a base station. In this proof of concept study, this novel ring oximeter was implemented with commercial low power consumption offthe-shelf components mounted on a rigid-flex board that connects to a remote host for signal processing and oxygen level calculation.
INTRODUCTION
In modern medicine, pulse oximeters are ubiquitous devices for noninvasively measuring the level of oxygenated hemoglobin in a patient's blood, by comparing the characteristics of red and infrared LED light transmitted through the tissue received with a photoreceptor [2] .
Pulse oximetry is a non-invasive method that measures peripheral oxygen saturation (SpO2) by using two different wavelengths of light to determine the concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) in a patient's blood. A pulse oximetry sensor probe normally consists of two light emitting diodes (LED) and one photodetector (PD) which can operate in reflection or transmission mode. The probe is usually attached to an extremity (finger, earlobe, feet of infants, etc.) with a plastic clip that keeps a good contact between sensor and tissue while shielding the PD from ambient light. This device plays an essential role in monitoring the health of a patient in situations like recovery from aesthesia in operation rooms, for home-care monitoring of the elderly or for chronically ill patients, etc. [3] .
Although the mainstream in the pulse oximetry market consists of fingertip-type sensors that use light transmission, such systems are not practical for long time health monitoring due to their discomfort and tethering to wires, in addition to sensitivity to motion artifact. Because of these problems, a wireless ring shaped pulse oximeter has been actively sought after [1] , [4] . This project aims to design such a device using a sensor probe that consists of six sets of LEDs and PDs, and a radio transceiver for communication. As shown in Fig.1 (a) , due to the structure of the finger tissue and blood vessels, the path of light is not the same from different sides of the finger. This is addressed with the multiple sensor topology shown in Fig. 1(b) , which provides different possible paths of light to choose from and select the best one in terms of sensitivity and selectivity.
In section II, the design of each part of the system and basic principles are introduced. Section III presents the algorithm and the measured results from the prototype system. Finally, section IV conclude this work.
II. SYSTEM DESIGN
The block diagram of the proposed device is shown in Fig.  2 while the whole system fits in a ring. Here, the system uses low-cost commercial off-the-shelf components to build a proof of concept prototype. Although discrete components can increase the size, power consumption and noise, they give the opportunity to implement quick proof-of-concept prototypes. The resulting system comprises three main parts, 1) a ring shaped sensor probe, 2) a custom prototyping board and 3) a micro-controller unit.
This work was supported, in part, by the Natural Sciences and Engineering Research Council of Canada, the Fonds de recherche du Québec -Nature et technologies, the Microsystems Strategic Alliance of Quebec, Mitacs, and by Oxy'nov Inc. The photoplethysmography signal is received by the PD, then amplified and converted to a suitable voltage by a transimpedance amplifier (TIA), and finally is shifted to a desire voltage level that is suitable for analog-to-digital conversion and further signal processing. Based on the measured signal amplitude, the intensity of light from each LED is measured by reading an ADC value from AFE circuit and the required amount of current is adjusted to change the light intensity at a selected LED. Beside the mentioned procedure, the signal quality from different LEDs is compared and the best set of LED/PD can be chosen either in transmission or reflection mode to improve signal quality. Each part is explained bellow.
A. Ring Shaped Probe/Sensor
The whole idea of using multiple sensing probes is to provide flexibility and the ability to use the system in both transmission and reflection mode within a single device. The system determines if each site will be LEDs or PDs in order to provide the best sets of sensors/LEDs. There are six red LEDs (660 nm), six infrared LEDs (940 nm) and six PD diodes, all mounted on a rigid-flex printed circuit board (PCB). Each LED can work with any of the PDs. Hence, an LED can be chosen from one set, and a PD form another set, or more than one set of LEDs and/or PDs can be selected. Fig.  3 shows the developed ring sensor along with all the circuits around the ring. This prototype uses part SML-310LTT86 (ROHM Semiconductor) for the red LED (660 nm), the IR17-21C/TR8 (Everlight) IR LED (940 nm), and the SFH 2701 (OSRAM Opto Semiconductors) for the photodiode.
B. Prototyping Board
The custom prototyping board consists of a multiplexed analog front-end (AFE) circuitry, LED drivers, multiplexers and a power management unit (PMU) as shown in Fig.2 . These building blocks are explained bellow.
The AFE circuitry consists of a TIA to convert the output current of the PD to voltage, and to scale it for the analog-todigital (A/D) converter. Low pass filters are also employed to remove any high frequency noise including 60Hz noise in the environment and the noise generated by LED stimulation. The LED driver circuit is provided for the red and the infrared LEDs. This circuit can provide minimum output power consumption while it has enough current to generate a detectable signal quality. The amount of current passing through the LEDs is adjusted using a feedback loop in the AFE that includes one ADC and one DAC as indicated in Fig.  2 . A programmable current source is employed to adjust the LED current which is controlled by the DAC. The other parts of the prototyping board include the multiplexers to choose between the LEDs and PDs. This allows to share the LED driver and the AFE between six sets of LEDs and PDs as already mentioned. All the three multiplexers are controlled by a microcontroller. In order to transmit the acquired data wirelessly to a base station computer, we use a wireless transmitter nRF24L01+ from Nordic Semiconductor. The nRF24L01+ is a highly integrated, ultra-low-power (ULP) 2Mbps RF transceiver IC for the 2.4GHz ISM (Industrial, Scientific and Medical) band.
The system is powered by a very compact Li-ion battery (5 × 14 × 17 mm 3 ) that feeds a low dropout (LDO) voltage regulator. The output of the LDO goes into a low pass RLC filter to reduce the artifacts of the LED driver current sinking on the voltage sources, which improves PSRR in general [5] . Fig. 4 shows the test setup including custom prototyping board, microcontroller board and ring sensor, while measuring photoplethysmography signal.
C. Microcontroller Unit
A low-power microcontroller control the AFE sequencing, the digitization and processing of the acquired signals, and their transmission to a remote host for display/storage. An MSP430 from Texas Instrument is utilized for the MCU in this design. The first step of the algorithm for our system is to program the DAC to generate a voltage for the LED drivers to provide the required current for LEDs, this voltage defines the current level that produces the required light intensity. The light passes through the tissue and is received by PDs. The PD produces a current that is proportional to the intensity of received light. Then, the microcontroller chooses the LEDs and PDs that maximize signal quality, and the output of each selected PD is amplified and filtered by the AFE, before reading by 12 bit ADC inside the microcontroller. One ADC determines the AC level of the signal, while a second ADC determines the DC level of the signal before further amplification to adjust the DAC value for driving the LEDs at next cycle.
Since the IR and red LEDs use the same LED driver and AFE, there is a timing sequence in the MCU to stimulate the LEDs and collect their output signals. Also, such a timing can decrease power consumption by selecting a low duty cycle for the stimulation pulses [6] . During the time period that the red LED is turned on, the ADC value is measured and the IR LED is turned off. The same procedure is employed for the IR LED. The timing diagram shown in Fig. 5 summarizes this procedure.
As the DC component of the signal is measured for adjusting the LED current the AC component of the signal is separated and measured at the end of the second amplification stage, both components are ready to do the calculation. From the AC signal, the maximum and minimum values should be measured. For each signals (red and IR) the ratio of the AC to DC (R) in their wavelengths should be calculated [7] , [8] .
Then, the last step is calculating the SpO2 (Oxygen level) by using the absorption ratio of the oxygenated hemoglobin and deoxygenated hemoglobin in the two different wavelengths (λ) that the LEDs work at. set of sensors from different sides of the finger is shown in Fig.  6 . As can be seen, the different sides of the finger provide different signals. This is also observable when there is only a small change in the placement of a sensor. This illustrates the necessity of having a system that is independent on the right location and position of the sensors.
At first, the system is prepared to work with one pair of LEDs and PDs in reflection mode. Then, the procedure is repeated for the other pairs in a way that allows multiplexing between LEDs and PDs. In our algorithm, first all the LEDs are activated in sequence and their detected signals are compared to select the PD with the higher level as the base PD. Then the LEDs around that PD are tested one by one to reach the highest amplitude of the signal. This procedure is done repeatedly and each time the set of LEDs and PDs with higher signal quality will be chosen. Table 1 provides the summary of the system characteristics. 
IV. CONCLUSION
We presented a new ring shaped multi sensor probe for photoplethysmography signal acquisition. We illustrated that the quality of signal changes with respect to the location of the sensor around the finger, which requires a solution that is independent of sensor location. The proposed design uses six sets of LEDs and PDs to acquire the signal from different sites evenly distributed around the finger and to choose the best sets of sensors that provide the highest signal quality. Such a ring shaped sensor can tremendously increase comfort of the patient for long-term monitoring periods. 
